Abstract. The term non-aqueous phase liquid (NAPL) refers to a group of organic compounds with scarce solubility in 9 water. They are the products of various human activities and may be accidentally introduced into the soil system. Given 10 their toxicity level and high mobility, NAPLs constitute a serious geo-environmental problem. Contaminant distribution 11 in the soil and groundwater entails fundamental information for the remediation of polluted soil sites. The present research 12 explored the possible employment of time domain reflectometry (TDR) to estimate pollutant removal in a silt-loam soil 13 that was primarily contaminated with a light hydrocarbon and then flushed with diverse washing solutions. Known 14 mixtures of soil and NAPL were prepared in the laboratory to achieve soil specimens with diverse pollution levels. The 15 prepared soil samples were repacked into plastic cylinders and then placed in testing cells. Washing solutions were then 16 injected upward into the contaminated sample, and both the quantity of remediated oil and the bulk dielectric permittivity 17 of the soil sample were determined. The above data was also used to develop a dielectric model (the  mixing model) 18 which permits the volumetric NAPL content (θNAPL) within the contaminated sample to be determined and quantified 19 during the different decontamination stages. Our results demonstrate that during a decontamination process, the TDR 20 device is NAPL-sensitive: the dielectric permittivity of the medium increases as the NAPL volume decreases. Moreover, 21 decontamination progression can be monitored using a simple (one-parameter) mixing model. 22
Introduction 23
Soil and groundwater contamination with NAPL from point or nonpoint sources is a severe problem of considerable 24 complexity (Fitts, 2002; Fetter, 1993) . The repercussions concern not only the deterioration of the soil's physical, 25 mechanical and chemical properties, but also account for a potentially severe hazard to the well-being of humans and 26 other living species (Freeze, 2000) . 27
Soil flushing is the technical procedure used for treating polluted soils with water, surfactants and co-solvents (such as 28 methanol, ethanol and propanols). Surfactant-enhanced flushing was developed from the conventional pump-and-treat 29
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Theoretical concepts of TDR 51
TDR is a geophysical technique employed to determine the dielectric permittivity of liquids and solids. In general, the 52 bulk dielectric permittivity is a complex term ( * ), which may be expressed as follows (Robinson et al., 2003) : 53 
The direct dependence of the signal's travel time t upon soil dielectric permittivity is expressed by equation 3. 64
Estimating volumetric NAPL content during a decontamination process in soils 65
Dielectric mixing models, in their classical application, have been proposed to estimate the bulk dielectric permittivity of 66 a multi-phase medium, that is, a combination of three or four dielectric phases, and to couple the dielectric permittivity 67 of the medium to the dielectric permittivity of each single phase (Hilhorst, 1998) . Recently, after analyzing the effects of 68 organic contaminants on soil dielectric properties, the above models were further developed to estimate the dielectric 69 where εs-ws is the soil-washing solution permittivity, and εs and εws are the permittivities of soil particles and washing 82 solutions, respectively. By the same token, for soil organic (s-NAPL) compounds at saturation, the  model can be 83 expressed as the following: 84
where εs-NAPL is the permittivity of the soil-NAPL mixture, and εNAPL is the oil permittivity. 
90
To estimate NAPL  , equation 7 is first reformulated in terms of : 
Substituting equation 8 into equation 9, and considering that for a saturated medium, the volumetric fluid content is equal 92 to soil porosity (i.e. θf =), θNAPL can be calculated as the following: 93 The NAPL employed for the laboratory tests was corn oil (εNAPL=3.2; ECNAPL=0.055 dS/m at 25°C) with a density of 0.905 105 g/cm 3 (at 25°C). Three different removal solutions were employed for soil cleaning: a) a first solution (referred to below 106 as wd) composed of 99% distilled water and 1% commercial detergent (εd=9.22, at 25°C), b) a second solution (wda#1) 107 composed of 90% distilled water, 1% commercial detergent and 9% methanol as co-solvent (εalcohol=26.13, at 25°C) and 108 c) a third solution (wda#2) composed of distilled water (85%) with commercial detergent (1%) and methanol (14%). The 109 dielectric permittivity of the washing solutions, measured at 25°C, was εwd=75.04, εwda#1=68.98 and εwda#2=65.92, whereas 110
the dielectric permittivity of the tested soil saturated with each of the three cleaning solutions was εsoil+wd=34.59, 111 εsoil+wda#1=31.04 and εsoil+wda#2=30.10. 112 4.2 Measurement of dielectric permittivity of soil-NAPL contaminated samples during soil remediation 113
Experimental setup 114
As illustrated in Figure 1 , the experimental layout consisted of the following: i) a Techtronix (model 1502C) cable tester; 115 ii) a three-wire TDR probe 14.5 cm long, introduced vertically into the soil samples; iii) a testing cell 15 cm high and 8 116 cm in diameter; iv) a peristaltic pump used for upward movement of the washing solution. 117
Sample preparation and testing procedures 118
After oven-drying at 105°C and sieving at 2 mm, the soil was mixed with oil in known quantities and then placed for 24 119 hours in plastic bags to prevent evaporation and ensure a complete distribution of oil in the soil. The samples were then 120 allocated to cylindrical boxes. With a view to achieve different degrees of soil contamination, volumetric NAPL content 121 (NAPL) was varied from 0.05 to 0.40 (in steps of 0.05). In all, each washing solution comprised eight oil-contaminated 122 soil samples. 123
For all experiments, the soil samples were placed in the vessels in various steps at a bulk density of 1.13 g/cm 3 . During 124 TDR measurements, the soil samples were conserved at a temperature of 25°C by using a thermostat box. Remediation 125 was performed using an upward flux of diverse pore volumes T of three washing solutions (wd, wda#1 and wda#2) 126 supplied at the rate of 90 cm washing solution started to remove oil, the dielectric permittivity rose due to the larger dielectric permittivity of the 144 flushing mixture. As the remediation solution continued to move upward, the rising rate of the dielectric permittivity 145 decreased and asymptotically approached a constant value. This steady value was smaller than that observed when the 146 soil specimens were completely saturated by only the flushing solution (i.e. wd, wda#1 or wda#2), which in our tests 147 corresponds to the condition of a completely decontaminated soil. This difference in values is undoubtedly due to oil 148 confined in soil pores (i.e. NAPL residual saturation). For the same reason, residual saturation may explain why 149 insignificant oil remediation was observed for NAPL  values less than 0.15. This aspect may be explained by the fact that 150 for low volumetric NAPL contents, the non-wetting fluid (oil) is disconnectedly distributed (i.e. immobile) in the soil 151 samples, which means that NAPL  is close to the limiting residual value, and thus NAPL loses its ability to move in the 152 Table 1 . 165 A permittivity value of 3.70 was adopted for the solid phase. This value was determined using the "immersion method" tend to overestimate the measured data. This behavior is mostly restricted to the beginning of the remediation process, 171 when a rapid change in dielectric permittivity may be observed. This behavior was also verified in other tests (not shown 172 here) and may be explained by invoking both NAPL properties such as liquid density, surface tension and viscosity, and 173 soil properties including moisture content, relative permeability, soil heterogeneity and porosity (Brost and DeVaull, 174
2000; Wang et al., 2013). 175
Mercer and Cohen (1990) referred to the existence, in NAPL-contaminated soils, of a "double fluid domain," defined as 176 the composition of the following: i) mobile pools, which are NAPL-connected phases that move in the soil and ii) 177 immobile residuals (i.e. low permeability regions), which depend on small disconnected blobs or ganglia within the 178 contaminated soil (see also section 5.1 above). As long as the flushing continues, mobile pools are reduced and the oil 179 tends increasingly to be trapped in the immobile areas. This means that, during soil cleaning, the capacity of non- 
